Triclosan as a surrogate for household biocides: An investigation into biocides in aquatic environments of a highly urbanized region by Chen, Zhi-Feng et al.
ww.sciencedirect.com
wat e r r e s e a r c h 5 8 ( 2 0 1 4 ) 2 6 9e2 7 9Available online at wScienceDirect
journal homepage: www.elsevier .com/locate/watresTriclosan as a surrogate for household biocides: An
investigation into biocides in aquatic
environments of a highly urbanized regionZhi-Feng Chen, Guang-Guo Ying*, You-Sheng Liu, Qian-Qian Zhang,
Jian-Liang Zhao, Shuang-Shuang Liu, Jun Chen, Feng-Jiao Peng,
Hua-Jie Lai, Chang-Gui Pan
State Key Laboratory of Organic Geochemistry, CAS Centre for Pearl River Delta Environmental Pollution and Control
Research, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, Chinaa r t i c l e i n f o
Article history:
Received 10 January 2014
Received in revised form
21 March 2014
Accepted 27 March 2014
Available online 8 April 2014
Keywords:
Biocide
Chemical indicator
Distribution
Source analysis
Risk* Corresponding author. Tel./fax: þ86 20 852
E-mail addresses: guangguo.ying@gmail.
http://dx.doi.org/10.1016/j.watres.2014.03.072
0043-1354/ª 2014 Elsevier Ltd. All rights resea b s t r a c t
Biocides are widely formulated in household and personal care products. We investigated
the distribution and ecological risks of 16 household biocides in aquatic environments of a
highly urbanized region in South China, evaluated triclosan as a chemical indicator for this
group of household chemicals, and proposed a novel approach to predict the environ-
mental occurrence and fate of these household biocides by using triclosan usage data and a
level-III fugacity model. Eleven biocides were quantitatively detected at concentrations up
to 264  15.3 ng/L for climbazole in surface water, and up to 5649  748 ng/g for triclocarban
in sediment of four rivers in the region. The distribution of biocides in the aquatic envi-
ronments was significantly correlated with environmental variables such as total nitrogen,
total phosphorus and population. Domestic sewage in the region was the dominant
pollution source for most biocides such as azole fungicides (fluconazole, climbazole, clo-
trimazole, ketoconazole, miconazole, and carbendazim) and disinfectants (triclosan and
triclocarban). Preliminary risk assessment showed high ecological risks posed by two
biocides carbendazim and triclosan in river waters. Mostly important, triclosan was found
to be a reliable chemical indicator to surrogate household biocides both in water and
sediment based on the correlation analysis. In addition, the fugacity modeling could pro-
vide simulated concentrations comparable to the monitoring results. Therefore, with the
usage data of the chemical indicator triclosan and correlation formula with other biocides,
this model can be applied for predicting the occurrence and fate of various household
biocides in a catchment.
ª 2014 Elsevier Ltd. All rights reserved.90200.
com, guang-guo.ying@gig.ac.cn (G.-G. Ying).
rved.
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Biocides including fungicides, insect repellents, preservatives
and disinfectants are mainly used as active ingredients to
inhibit or destroy harmful organisms in household and per-
sonal care products (EC, 1998). In recent years, biocides have
been regarded as emerging contaminants due to their high
usages in various household products (Daughton and Ternes,
1999); for instance, the estimated annual total usage of tri-
closan and triclocarban in China is up to 1220 tons (Zhao et al.,
2013). Their extensive use, and large emission load, as well as
incomplete removal in sewage treatment plants (STPs) may
lead to environmental contamination of biocides in the
receiving riverine environments (Kahle et al., 2008; Ying and
Kookana, 2007). Moreover, those biocides present in the
aquatic environment can cause adverse effects on aquatic
organisms. For example, triclosan has shown toxicity to algae
species with a reported 72 h-growth no-observed-effect con-
centration (NOEC) of 200 ng/L (Yang et al., 2008). Parabens are
confirmed to be weak estrogenic compounds (Routledge et al.,
1998), and azole fungicides are regarded as potential endo-
crine disruptors due to their aromatase inhibition (Zarn et al.,
2003). Thus, it is essential to understand their fate and risks in
the environment.
Various biocides have been detected in STP effluents, sur-
face water and sediment (Aronson et al., 2012; Zhao et al.,
2010). For example, the maximum reported levels in STP ef-
fluents were 443 ng/L for climbazole, 3700 ng/L for N,N-
diethyl-3-methylbenzamide (DEET), 112 ng/L for methylpar-
aben, 2700 ng/L for triclosan and 342 ng/L for triclocarban
(Blanco et al., 2009; Lee and Rasmussen, 2006; McAvoy et al.,
2002; Wick et al., 2010; Zhao et al., 2010). Mainly due to the
discharge of domestic wastewater, biocideswere also found in
surface water and sediment, with the maximum levels of up
to 5160 ng/L for triclosan in surface water and 2633 ng/g for
triclocarban in sediment (Ramaswamy et al., 2011; Zhao et al.,
2010). However, factors that determine the spatial distribution
of biocides at a regional scale are still not fully understood.
It is known that there is a long list of biocides used in
various household products; therefore, it would be desirable
to have a chemical indicator for all these biocides in terms of
monitoring cost (Drewes et al., 2013). Triclosan has been used
as a potential indicator to track household sewage contami-
nation (Young et al., 2008). Halden and Paull predicted the
concentrations of triclocarban in US streams by using an
empirical correlation between triclosan and triclocarban
(Halden and Paull, 2005). Since chemical usage data for tri-
closan is easily available while those for other biocides are not
readily available, it would be interesting to further explore the
potential of triclosan as a surrogate through investigating the
relationships between triclosan and other biocides detected in
the aquatic environment. In addition, level III fugacity-based
multimedia models are considered to be the most environ-
mentally realistic calculation at a steady state for chemicals
(Zhang et al., 2011; Zhao et al., 2013). A level III fugacity-based
model has been developed and validated for the prediction of
the occurrence and fate of triclosan in our previous studies
(Zhang et al., 2013; Zhao et al., 2013). With triclosan usage
data, we may develop a novel monitoring framework forhousehold use biocides, thus reducing the analytical cost in
catchment-scale monitoring.
The objectives of this study were to investigate the distri-
bution and ecological risks of 16 biocides including azole
fungicides, disinfectants, insect repellents and preservatives
in aquatic environments of a highly urbanized region in South
China, to evaluate the potential of triclosan as a chemical
indicator for this group of chemicals, and to propose a novel
approach to predict the environmental occurrence and fate of
these household biocides by using triclosan usage data and a
developed level-III fugacity model. The emphasis of this
research was to understand factors influencing the distribu-
tion of biocides and relationships between triclosan and other
household biocides. The results can help better understand
the distribution and risks of household biocides at a catch-
ment scale.2. Materials and methods
2.1. Study area and sampling sites
Dongjiang River basin was chosen as the study area as it in-
cludes some fast developing cities such as Shenzhen, Dong-
guan and Huizhou in South China. Dongjiang River has a
drainage area of 32,275 km2 and is one of the most important
drinking water sources in the Pearl River Delta region. Due to
the rapid urbanization of this region, domestic wastewaters
are increasingly discharged via STPs to the Dongjiang River
and its tributaries (Shima River, Danshui River and Xizhijiang
River).
Sampling sites in the lower reach of Dongjiang River and its
tributaries (Shima River, Danshui River and Xizhijiang River)
were selected to study the occurrence and distribution of
biocides in the aquatic environment (Fig. 1). These sites
include 8 sites on the Shima River (M1-M8), 7 sites on the
Danshui River (S1eS7), 3 sites on the Xizhijiang River (S8eS10),
and 3 sites on the Dongjiang River (S11, S12 and M9). Among
the 21 sampling sites, four sites includingM4 (Shima River), S1
(Danshui River), S8 (Xizhijiang River) and S11 (Dongjiang River)
were used as the reference sites for corresponding rivers as
they are located in a reservoir or in the river upstream with
less human activities. The effluents (W1eW2) from two STPs
in the region were also sampled. It should be noted that
approximately 30% of water from Shima River flows to the
Dongjiang River with regulation of a dam, with the rest being
diverted to a canal and finally to the South China Sea. Hence,
in this study, the Dongjiang River basin only represents
Huizhou and Dongguan sections of Dongjiang River and its
tributaries including Shima River, Danshui River and Xizhi-
jiang River. More information of the Dongjiang River basin can
be found in Supplementary Information (Table S1).
2.2. Sampling campaigns
Surfacewater and sediment sampling campaignswere carried
out in July 2012 (wet season) and December 2012 (dry season).
It should be noted that sediment sampleswere not obtained at
site M4 due to the access difficulty. Water and sediment
samples were collected in clean amber bottles (1 L each, three
Fig. 1 e Sampling locations of the Dongjiang River basin, South China.
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pH values were adjusted on site to 3 by 4 M H2SO4, and
methanol (5% v/v) was added to preventmicrobial growth. For
the sediment samples, sodium azide (1 g/L sediment) was
added to suppress potential microbial activity. All collected
water and sediment samples were then placed in coolers and
transported to laboratory. Once in the laboratory, the water
and sediment samples were stored in a cold room (4 C) and
processed within 24 h. The sediment samples were lyophi-
lized, homogenized, placed in glass bottles, and stored at 4 C
for further analysis. Microwave-assisted digestionwas used to
pretreat the sediment samples before instrumental analysis
of metals. The concentrations of heavy metals in surface
water and sediment samples were analyzed by an Agilent
7700 series inductively coupled plasma mass spectrometry
(ICP-MS).
2.3. Sample extraction and instrumental analysis
Sixteen target biocides investigated in this study include: 8
azole fungicides (climbazole, clotrimazole, ketoconazole, mi-
conazole, fluconazole, itraconazole, thiabendazole, and car-
bendazim), 2 insect repellents (DEET, and icaridin), 4
preservatives (methylparaben, ethylparaben, propylparaben,
and butylparaben), and 2 disinfectants (triclosan, and triclo-
carban). Their basic physico-chemical properties are listed in
Table S2. Supplier sources of the chemicals and reagents used
in this study are given in Supplementary Information (Text
S1). Water samples were filtered through 0.7 mm glass fiber
filters (Whatman GF/F) before spiked with eight internal
standards (fluconazole-D4, imazalil-D5, clotrimazole-D5,
ketoconazole-D8, thiabendazole-D6, methylparaben-D4,
13C12-triclosan and triclocarban-D7). Biocides in water sam-
ples were extracted using solid phase extraction, while these
compounds in sediment samples were extracted employingultrasonic extraction, and cleaned up using solid phase
extraction by our previous method (Chen et al., 2012).
The target biocides in the extracts of water and sediment
samples were determined with an Agilent 1200 series ultra-
high-performance liquid chromatograph (Agilent, USA)
coupled to an Agilent 6460 triple quadrupole mass spectrom-
eter with electrospray ionization in both positive and negative
ionization modes (UHPLC-ESI-MS-MS). Detailed operating
conditions can be referred to the previous study (Chen et al.,
2012). All data obtained from the analysis were subject to
strict quality assurance and quality control (QA/QC) pro-
cedures. Recovery, method precision, limit of detection (LOD)
and limit of quantification (LOQ) for each biocide are listed in
Table S3. A solvent blank, a procedural blank and a standard
solution (100 mg/L) were run successively for each batch of
samples to check for background pollution and instrument
performance. Target analytes were never detected in all blank
samples.
2.4. Emission evaluation using a fugacity model
The occurrence and distribution of triclosan in the selected
study region were predicted using our previously developed
level III fugacity-based multimedia environmental model
(Zhang et al., 2013; Zhao et al., 2013). The output values from
themodelingwere comparedwith themonitoring results. The
input of model variables including “Chemical properties”,
“Environmental properties” and “Emissions and inflows”were
obtained from our previous studies with a slight modification
since the study region is only part of the Dongjiang River basin
(Zhang et al., 2013; Zhao et al., 2013). Chemical properties
consist of molar mass, partitioning data and reaction half-
lives. Environmental properties involve river basin informa-
tion, sediment volume fractions, organic carbon contents,
advective flow residence times and transport velocities. The
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were collected from our field investigation, national moni-
toring stations, the literature or set as default values, as
shown in Tables S2 and S4eS6. Emissions and inflows are the
emission rate for a chemical into air, water, soil and sediment,
and even advective inflow concentrations in air and water.
Since effluent discharge or direct raw sewage discharge into
water is the dominant route into the environment for house-
hold and personal care products, the emission rates into air,
soil and sediment and the advective inflow are neglected. The
emission for triclosan into water was calculated according to
the consumption per person, urban population, rural popu-
lation and rate of domestic sewage treatments in the study
area, using Eq. (1):
Ew ¼ Purban m f  ð1 rÞ þ Purban m ð1 fÞ þ Prural m
(1)
where Ew is the emission rate into water with the unit of t/a,
Purban and Prural are the urban and rural population in a river
basin with the unit of million, m is the consumption with the
unit of g/person/a, f is the rate of treated domestic sewage,
and r is the removal efficiency in STP for a chemical. The
Purban, Prural and f values used in this study are presented in
Table S6. The m value is estimated to be 0.33 g/person/a for
triclosan in this study area (Table S7). And the r value in STPs
for triclosan in the water phase is 96% (Heidler and Halden,
2008). All output data was obtained with software Level III
2.80 for windows (Mackay, 2001).Fig. 2 e Box plot of the concentration ranges of detected
biocides in surface water (a) and sediment (b) of the
Dongjiang River basin, South China. The horizontal lines
represent 5th, median, mean and 95th percentiles, and the
boxes represent 25th and 75th percentiles. Median and
mean concentrations are shown as solid and dashed
horizontal lines, respectively. Outliers are displayed as
individual points. Values above or below the boxes are
detection frequencies (%).2.5. Data analysis
An independent t test and Pearson correlation analysis were
used to compare the concentrations and fluxes of biocides
between two sampling campaigns (wet season and dry sea-
son), and to examine possible correlations among detected
biocides in surface water and sediment. Calculation for
chemical flux is described in Supplementary Information
(Text S2). Multivariate analysis including redundancy anal-
ysis (RDA) was conducted to identify the association between
the distribution of biocides and various environmental fac-
tors. Prior to multivariate analysis, the data were log (x þ 1)
transformed, where x refers to the concentrations of biocides
and environmental variables such as total nitrogen (TN) and
total phosphorus (TP). A detrended correspondence analysis
(DCA) was carried out in order to detect the length of the
ordination gradient along the first axis. If this value is smaller
than three, a RDA model should be fitted best to this data set
(Leps and Smilauer, 2003). Then, the variability and statistical
significance of each variable was determined through a for-
ward selection procedure, followed byMonte Carlo simulation
with 500 realizations (other parameters were set as default
values). Linear regressions were used to determine the cor-
relation between triclosan and other biocides. A standard
linear model without intercept was selected to fit the con-
centration data. A log-logistic model was used to calculate the
predicted no effect concentration (PNEC) values of select bio-
cides based on species sensitivity distribution (SSD). All data
analysis was performed with software SPSS 13.0, Sigma Plot
10.0, Origin 8.0 and Canoco 4.56 for windows.3. Results and discussion
3.1. Occurrence of biocides in surface water, sediment
and effluents
Nine of the sixteen target biocides were detected in surface
water samples of the Dongjiang River basin (Fig. 2a). They
were: four azole fungicides (fluconazole, climbazole, micona-
zole, and carbendazim), one insect repellent (DEET), two pre-
servatives (methylparaben, and ethylparaben), and two
disinfectants (triclosan, and triclocarban). The concentrations
of biocides in surface water are given in Tables S8eS10. For
azole fungicides, fluconazole, climbazole, miconazole and
carbendazim were detected at the mean concentrations of
45.8, 74.8, 4.92 and 29.6 ng/L, which are in the same order of
magnitude to those in theMankyung River, Pearl River and the
Fig. 3 e Fluxes of each biocide at different sites in the
Dongjiang River basin. The flux of M70 means the effective
flux (30% of the original flux) from the Shima River to
Dongjiang River. The small graph presents a scheme how
the fluxes increase during river transport.
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et al., 2009; Wick et al., 2010). As an insect repellent, DEET was
found with a detection frequency of 93% at themaximum and
mean concentrations of 464  85.4 and 55.5 ng/L, demon-
strating its wide use in this subtropical region. For the pre-
servatives, the mean concentrations for methylparaben and
ethylparabenwere 46.1 and 21.9 ng/L, respectively. For the two
disinfectants (triclosan and triclocarban), they were detected
with similar detection frequencies (90% and 88%) and mean
concentrations (25.3 and 24.1 ng/L), suggesting their wide use
and co-occurrence in this region (Halden and Paull, 2005).
Eight biocideswere found in sediment samples during both
sampling campaigns, and they were: five azole fungicides
(climbazole, clotrimazole, ketoconazole, miconazole, and
carbendazim), one preservative (methylparaben), and two
disinfectants (triclosan, and triclocarban) (Fig. 2b). The con-
centrations of biocides in sediment are listed in Tables S8 and
S11eS12. Among those azole fungicides, clotrimazole and
ketoconazole were not detected in surface water phase.
Climbazole, clotrimazole, ketoconazole, miconazole and car-
bendazim were detected at the mean concentrations of 24.3,
35.7, 5.14, 11.2 and 3.16 ng/g respectively. Clotrimazole with its
maximum concentration of 371  92.8 ng/g was found to have
higher levels than the other fungicides. Methylparaben was
found at concentrations ranging between 2.26  0.49 and
40.4  9.32 ng/g with a mean concentration of 14.2 ng/g. The
mean concentrations of triclosan and triclocarban were 36.9
and 495 ng/g, which are similar to those in the Pearl River
(Zhao et al., 2010). Moreover, these two compounds were
predominant in the sediments with the detection frequencies
of both 100% and the maximum concentrations of 403  70.4
and 5649  748 ng/g.
For the effluents from the two STPs, nine of sixteen target
biocides were found with concentrations ranging between
0.89  0 and 448  5.42 ng/L (Tables S8eS10). The dominant
biocides were climbazole, DEET, fluconazole and triclosan
with the maximum concentrations of 407  6.41, 126  2.82,
448  5.42 and 141  12.6 ng/L, whereas miconazole, clotri-
mazole, carbendazim, methylparaben and triclocarban were
at the relative low levels with the highest concentrations of
4.60  0.44, 12.7  0.56, 76.7  4.07, 26.7  2.36 and
14.6 0.74 ng/L, respectively. This suggests that STP effluent is
an important pollution source for biocides in the receiving
aquatic environments.
3.2. Temporal and spatial variations of biocides
The concentrations of fluconazole, triclosan, triclocarban and
carbendazim in surface water were significantly higher in the
dry season than in the wet season (p < 0.01), due to less
dilution. But DEET was found to have significantly higher
concentrations in the wet season (p < 0.01). However, no sig-
nificant seasonal differences in fluxes were found for flucon-
azole, triclosan, triclocarban and carbendazim (p > 0.01),
suggesting similar usages between the two seasons. The
fluxes of DEET andmethylparabenwere significantly higher in
the wet season (p < 0.01). This could be attributed to the
increased usages of DEET (active ingredient in insect repel-
lent) and methylparaben (preservative in sunscreen) in sum-
mer (Aronson et al., 2012; Eriksson et al., 2008). No significantseasonal variations (p > 0.01) for all biocides in the sediments
of Dongjiang River basin were observed, implying the relative
stability of the biocides in the sediments (Miller et al., 2008).
The flux analysis in the present study was used for esti-
mating input contribution of chemicals. The water at sites
S11, S8, S2 and M2 could represent the inflows of Dongjiang
River, Xizhijiang River, Danshui River and Shima River,
respectively (Fig. 1). The fluxes of the biocides are given in
Fig. 3. DEET showed relatively high fluxes at rural sites S11 and
S8. This can be explained by high application of insect re-
pellents to livestock in the rural area (Aronson et al., 2012;
Cheng et al., 2006). The fluxes of all biocides at the lower
reach sites S7 (Danshui River) and M70 (Shima River), where
the flux of M70 means the effective flux (30% of the original
flux) from Shima River to Dongjiang River, were significantly
higher than those at the corresponding upper reach sites S2
and M2 (Fig. 3). This suggests significant contributions of
biocides from Shenzhen, Dongguan, and Huizhou cities,
which are located along with the Shima River and Danshui
River. These three cities are highly urbanized in the region
with populations of 10.5, 8.3 and 4.6 million, respectively.
Comparing the fluxes of the biocides at sites S10 and S7, a
slight difference between the two sites represents the input of
biocides from Danshui River to Xizhijiang River (Fig. 3). Xiz-
hijiang River flows from a rural area in the upstream to an
urban area of Huizhou city. This suggests the fluxes at site S10
were attributed mainly to the input from Danshui River basin
with a high urban population in Shenzhen city, with much
less input from the upstream with a low rural population
along the Xizhijiang River. As revealed in Fig. 3, the fluxes of
biocides at site S12 almost equaled to the sum of sites S11 and
S10, while the fluxes of M9were approximately the sum of S12
and M70. This could be explained by the input contributions
from the tributaries Danshui River and Shima River, which are
the dominant contaminant sources.
Multivariate analysis was conducted to assess the poten-
tial relationship between the distribution of biocides and
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water and sediment quality parameters, metal elements
concentrations and other information such as flow and pop-
ulation of different sampling sites (Tables S1 and S13eS16).
Detrended correspondence analysis (DCA) showed that the
lengths of first ordination gradient were 2.224 for the surface
water samples and 1.063 for the sediment samples, so that a
RDA model should be chosen (Leps and Smilauer, 2003). The
correlations between the concentrations of biocides and
environmental factors with the first two axes of RDA are given
in Fig. 4. The first axis of correlation and variation in biocide
concentrations and environmental factors revealed by RDA
was 0.965 and 75.3% for the surfacewater samples, while 0.912
and 87.7% for the sediment samples. The first axis displays a
separation of the sampling sites based on biocide concentra-
tion. Sampling sites with high biocide concentrations for the
surface water samples are on the left-hand side of the plot,
whereas those with low biocide concentrations are on the
right-hand side of the plot (Fig. 4a). On the contrary, sites with
high biocides concentrations for sediment samples are on the
right-hand side and sites with low biocides concentrations on
the left-hand side (Fig. 4b). In general, the sampling sites of the
same river are clustered together in the diagram. The refer-
ence sites are clearly separated from the heavily contami-
nated sites in the Shima River and Danshui River. This reflects
the distribution characteristics of the target biocides in the
study area.
The forward selection procedure in the RDA analysis
selected the environmental variables to better explain the
variability in biocides distribution, and the results showed a
significant contribution (p < 0.01) for both surface water
samples and sediment samples. For the surface water sam-
ples, RDA displayed that 80.0% of the variation in the data set
was explained by the significant environmental variablesFig. 4 e Redundancy analysis (RDA) ordination plots based on t
water samples (a) and in sediment samples (b). Solid and empt
season and dry season, respectively. Red, yellow, blue, green an
the Shima River, Danshui River, Dongjiang River, Xizhijiang Riv
represent biocides concentrations in upper reach sites, middle
Environmental variables in gray arrows were chosen according
procedure, however, solid arrow means p value lower than 0.5
relationship and the intersection angle between the arrows can
explained by each axis is shown, and the relationship is signifi
references to color in this figure legend, the reader is referred tincluding TN and TP (Table S17). TN and TP explained 72.5%
(p < 0.01) and 7.5% (p < 0.01) of the variation in the biocide
distribution. These two environmental factors showed a
strong effect on the biocide distribution in the Shima River
and Danshui River (Fig. 4a), and they are possibly among the
primary factors governing the changes in distribution of bio-
cides. For the sediment samples, RDA showed that 76.3% of
the variation was explained by TP and population (Table S18).
Population explained 11.8% (p < 0.01) of the variation, which
significantly affected the distribution of biocides in the Shima
River and Danshui River (Fig. 4b). It further proves that biocide
conservation in sediment is related to the anthropic activities.
In this study, the concentrations of biocides in the sediment
phase were significantly related to population, but not in the
surface water phase by RDA model. However, our previous
study using principal component analysis demonstrated that
the mass inventories of triclosan and triclocarban showed
strong correlations with urban population, and the median
concentrations of triclosan and triclocarban were weakly
related to total population, urban population and rural popu-
lation (Zhao et al., 2013). The difference is found due to the use
of different data format, i.e. the mass inventories and median
concentrations used in the previous study instead of the
aqueous concentration data set in the present study. Thus
population is an important factor influencing the distribution
of biocides in aquatic environments. Moreover, TP explained
64.5% (p < 0.01) of the variation and was closely related to the
biocide distribution in the Shima River and Danshui River
(Fig. 4b), indicating that the distribution of biocides in the
sediment can be reflected to a certain extent by TP. Those
environmental variables (e.g., TN, TP, and population) closely
associated with distribution of the biocides suggest a signifi-
cant contribution from domestic wastewater in this highly
urbanized region.he biocides concentrations and environmental variables in
y symbols represent the biocides concentrations in wet
d black symbols represent the concentrations of biocides in
er and reference sites. Circle, diamond and square symbols
reach sites and lower reach sites of each river.
to the significance calculated from the forward selection
. The lengths of the arrows reveal the strength of the
express the correlation. The percentage of variation
cant (p< 0.01) for both (a) and (b). (For interpretation of the
o the web version of this article.)
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To our knowledge, triclosan and triclocarban are the chemical
indicators of household sewage contamination as they are
widely used in household products such as toothpastes and
hand wash (Young et al., 2008). Pearson correlation analysis
was used to identify the potential pollution sources for the
biocides by the correlations between different biocides and
triclosan (or triclocarban) in water and sediment. For the
surface water samples, most detected biocides except for
DEET, methylparaben and ethylparaben were statistically
related to both triclosan and triclocarban (p < 0.01; R > 0.50)
(Table S19). For the sediment samples, the detected biocides
were also significantly (p < 0.01) associated to both triclosan
and triclocarban; however, the significant level and the cor-
relation coefficient for methylparaben and triclosan (orFig. 5 e Correlation analysis between the concentrations of
triclosan and the sum concentrations of the household use
biocides at each site in both wet and dry seasons in surface
water (a, n [ 42) and in sediment (b, n [ 40). The sum of
the household use biocides includes fluconazole,
climbazole, miconazole, carbendazim, triclosan and
triclocarban in surface water, and clotrimazole, climbazole,
miconazole, carbendazim, triclosan and triclocarban in
sediment. The small graph within (b) presents the
correlation analysis without the three highest
concentration points (n [ 37).triclocarban) were relative low (p < 0.05; R < 0.50) (Table S20).
This indicates that domestic sewage is the predominant
pollution source for most biocides including fluconazole,
climbazole, clotrimazole, ketoconazole, miconazole, carben-
dazim, triclosan and triclocarban. Azole fungicides used in
personal care products like shampoo could enter surface
water primarily by domestic sewage (Kahle et al., 2008). As to
carbendazim in household sewage, it may originate partially
from the chemical residue in fruits and vegetables (Akiyama
et al., 2011; Jardim and Caldas, 2012). In addition to domestic
sewage source, DEET (insect repellent), and two parabens
(preservatives) have other contribution sources such as agri-
cultural wastewater source (e.g., livestock) and industrial
wastewater source (e.g., food processing) (Aronson et al., 2012;
Eriksson et al., 2008).
Biocides present in the aquatic environment may cause
adverse effects on aquatic organisms. Due to limited aquatic
toxicity data available, it is difficult to comprehensively assess
aquatic risks posed by these biocides. However, a preliminary
screening-level risk assessment can be established using risk
quotient (RQ) approach (Supplementary Information Text S3)
(Van Leeuwen, 2003). A previous study used 50 and 58 ng/L as
the PNEC values for triclosan and triclocarban, which were
derived by the assessment factor approach (Zhao et al., 2010).
When sufficient toxicity data is available, the PNEC value is
better calculated by the species sensitivity distribution
approach (Van Leeuwen, 2003). Thus the PNEC values for tri-
closan and triclocarban with sufficient toxicity data were ob-
tained by the species sensitivity distribution approach, while
those for the other biocides with limited toxicity data were
calculated by the assessment factor approach. Derivation of
PNEC values is shown in Table S21 and Fig. S1. The calculated
PNEC values for climbazole, carbendazim, DEET, methylpar-
aben, ethylparaben, triclosan and triclocarban were 560, 21.7,
10,412, 15,000, 23,000, 26.2 and 661 ng/L, respectively. The
maximum concentrations observed in surface water of each
river were used as the measured environmental concentra-
tion (MEC) values based on the “worst case scenario”. High
risks are expected for two biocides carbendazim and triclosan
with their RQ values exceeding one (Fig. S2). In addition, the
frequencies of high risk for carbendazim and triclosan in this
study region were 45% and 36% (n ¼ 42).
3.4. Evaluation of triclosan as a chemical indicator
Triclosan originated from household wastewater is found
ubiquitously in the aquatic environment both in surfacewater
and sediment, indicating that the concentration data for tri-
closan in surface water and sediment are readily available
(Kolpin et al., 2002; Wick et al., 2010; Zhao et al., 2010, 2013).
The Log Kow and Log Koc values for triclosan are 4.76 and 4.37
(Tables S2), which give moderate partition between water and
sediment phases. Pearson correlation analysis also showed
positive correlations between triclosan and the rest biocides
(Tables S19 and S20). Thus, triclosan could be used as a
chemical indicator for household biocides with limited con-
centration data in the literature. Actually, a strong positive
linear correlation was observed between the concentrations
of triclosan and the sum of all biocides in both water and
sediment phases (Fig. 5 and Table 1). Regression analysis of
Table 1 e Summary of the correlation analysis results between the concentrations of triclosan and each household use
biocide or the sum of biocides in two seasons based on the linear model without intercept.
Y Triclosan (X)
Fitting formula Standard error (Slope) 95% Confidence interval (Slope) Correlation coefficient (R) p
Surface water
Fluconazole Y ¼ 1.6158X 0.1303 1.3526e1.8790 0.8885 <0.01
Climbazole Y ¼ 2.8167X 0.2288 2.3546e3.2786 0.8872 <0.01
Miconazole Y ¼ 0.2127X 0.0206 0.1711e0.2544 0.8497 <0.01
DEET Y ¼ 1.3659X 0.3625 0.6337e2.0980 0.5071 <0.01
Carbendazim Y ¼ 1.0356X 0.1212 0.7908e1.2805 0.8002 <0.01
Methylparaben Y ¼ 1.5414X 0.3741 0.7858e2.2970 0.5411 <0.01
Ethylparaben Y ¼ 0.9643X 0.1307 0.7004e1.2283 0.7553 <0.01
Triclocarban Y ¼ 1.0667X 0.1570 0.7497e1.3837 0.7278 <0.01P
Biocidea Y ¼ 11.6191X 0.9734 9.6532e13.5850 0.8812 <0.01
Sediment
Clotrimazole Y ¼ 1.0046X 0.0413 0.9210e1.0882 0.9686 <0.01
Climbazole Y ¼ 0.4425X 0.0275 0.3868e0.4982 0.9321 <0.01
Miconazole Y ¼ 0.2811X 0.0184 0.2438e0.3183 0.9255 <0.01
Ketoconazole Y ¼ 0.1926X 0.0076 0.1772e0.2080 0.9708 <0.01
Carbendazim Y ¼ 0.0686X 0.0041 0.0604e0.0768 0.9378 <0.01
Methylparaben Y ¼ 0.1165X 0.0273 0.0613e0.1716 0.5645 <0.01
Triclocarban Y ¼ 13.6063X 0.3195 12.9599e14.2526 0.9894 <0.01P
Biocidea Y ¼ 16.7121X 0.3636 15.9766e17.4476 0.9909 <0.01
a PBiocide include fluconazole, climbazole, miconazole, DEET, carbendazim, methylparaben, ethylparaben, triclosan and triclocarban in
surface water samples, while clotrimazole, climbazole, miconazole, ketoconazole, carbendazim, methylparaben, triclosan and triclocarban in
sediment samples.
wat e r r e s e a r c h 5 8 ( 2 0 1 4 ) 2 6 9e2 7 9276the data set resulted in linear relationships for both water
phase (Eq. (2)) and sediment phase (Eq. (3)):
hX
CBiocide
iw
¼ 11:6191½CTriclosanw (2)
hX
CBiocide
is
¼ 16:7121½CTriclosans (3)
where [
P
CBiocide]
w and [
P
CBiocide]
s represent the sum con-
centrations of the selected biocides in water phase and sedi-
ment phase; [CTriclosan]
w and [CTriclosan]
s represent the
concentrations of triclosan in water and sediment phases,
respectively. We assumed that the target biocides had iden-
tical sources, so the intercept of the linear model was set to
zero. Relatively high R values indicate good fitting of concen-
tration data whether or not using a forcedmodel (Table 1). For
sediment phase, even when we removed the three highest
concentration data (Fig. 5b), a similar result was also obtained.
The correlation between triclosan and the sum of all biocides
can be set almost equal to the correlation of triclosan to the
concentration of triclocarban in the sediment phase (Table 1);
hence, other substances hardly contribute to the sum of the
biocides. In addition, Table 1 also shows good correlations
between triclosan and individual biocides. Notably, some hy-
drophilic biocides such as fluconazole and DEET are statisti-
cally related to triclosan only in the water phase, while some
hydrophobic biocides such as clotrimazole and ketoconazole
are strongly correlated to triclosan only in the sediment
phase. More importantly, good correlations between triclosan
and other individual biocides (Figs. S3 and S4) are found not
only for the study region in the present study, but also for the
other regions with limited concentration data from the pre-
vious studies (Huang et al., 2013; Kasprzyk-Hordern et al.,
2008; Kim et al., 2007; Kolpin et al., 2004; Villaverde-de-Saaet al., 2010; Wick et al., 2010; Yoon et al., 2010; Zhao et al.,
2010, 2013). This suggests that triclosan could be a reliable
chemical indicator for predicting the levels of household
biocides in surface water and sediment.3.5. Modeling the occurrence of triclosan and
implications
Fugacity-based multimedia models are often used to simulate
the occurrence and fate of organic chemicals in the environ-
ment. In this study, the concentrations of triclosan in the
Dongguan section and Huizhou section of Dongjiang River
basin were simulated using the Level III fugacity-based
multimedia model. This is only an example at a small scale
when compared to our previous modeling at the catchment
scale (Zhang et al., 2013; Zhao et al., 2013). The modeling re-
sults are listed in Table S22, which showed dominant pres-
ence of this chemical in water and sediment phases.
Compared to the measured concentrations, the simulated
concentrations of triclosanweremostlywithin the same order
of magnitude (Table 2). This further suggests that the fugacity
model can be applied in predicting the fate of triclosan in the
aquatic environment.
With triclosan used as a chemical indicator, the concen-
trations of other biocides can be calculated with correlation
formula in Table 1. The predicted concentrations of various
biocides in surface water and sediment of this region were
comparable to themeasured results (Table 2). Thismeans that
the occurrence and fate of various biocides in a river basin can
be simulated using the level-III fugacity multimedia model
and available triclosan usage data. Potential risks can also be
predicted based on the predicted concentration data. If the use
of various biocides will change over time, the model needs to
Table 2 e Prediction of environmental concentrations of biocides by the correlations between biocides and triclosan with the model-simulated triclosan concentrations,
and comparison with the measured concentrations in surface water and sediment sample.
Compound Surface water (ng/L) Sediment (ng/g)
S10 M7 S10 M7
Measureda Predicted Errorb Measured Predicted Error Measured Predicted Error Measured Predicted Error
Triclosan 10.4 38.2c 0.56 28.8 23.3c 0.09 7.37 45.8c 0.79 15.9 73.1c 0.66
Fluconazole 19.7 61.7 0.50 52.8 37.6 0.15 e e e e e e
Clotrimazole e e e e e e 9.22 46.0 0.70 18.2 73.4 0.61
Climbazole 17.3 108 0.79 82.9 65.6 0.10 26.3 20.3 0.11 37.2 32.3 0.06
Miconazole NDd 8.13 e 5.35 4.96 0.03 5.03 12.9 0.41 8.57 20.5 0.38
Ketoconazole e e e e e e ND 8.82 e ND 14.1 e
DEET 37.2 52.2 0.15 48.7 31.8 0.18 e e e e e e
Carbendazim 18.0 39.6 0.34 48.8 24.1 0.31 3.41 3.14 0.04 3.48 5.01 0.16
Methylparaben 7.73 58.9 0.88 21.8 35.9 0.22 14.8 5.33 0.44 16.0 8.52 0.28
Ethylparaben ND 36.8 e 43.1 22.5 0.28 e e e e e e
Triclocarban 2.07 40.8 1.30 32.8 24.9 0.12 109 623 0.76 334 995 0.47P
Biocidee 113 444 0.60 365 271 0.13 175 765 0.64 433 1222 0.45
a The measured concentration values were the geometric mean values of two sampling campaigns.
b Error equals to the log10 (simulated value) minus log10 (measured value), used to check if these two values are in the same order of magnitude.
c These concentration values were simulated by Level III Fugacity-based Multimedia Environmental Model.
d ND, not detected.
e PBiocide include fluconazole, climbazole, miconazole, DEET, carbendazim, methylparaben, ethylparaben, triclosan and triclocarban in surface water samples, while clotrimazole, climbazole,
miconazole, ketoconazole, carbendazim, methylparaben, triclosan and triclocarban in sediment samples.
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wat e r r e s e a r c h 5 8 ( 2 0 1 4 ) 2 6 9e2 7 9278be updated. Meanwhile, further studies should focus on
decreasing the range between two 95% prediction bands of the
model with more experimental data to obtain more accept-
able predicted concentrations. This could have significant
implications for environmental monitoring and risk assess-
ment of biocides at a catchment scale.4. Conclusion
The results showed detection of eleven biocides in surface
waterandsedimentof four rivers in thehighlyurbanizedregion
of SouthChina. Environmental variables such as total nitrogen,
total phosphorus and populationwere found to be significantly
correlated with the distribution of biocides, indicating that
domestic sewage in the region is the predominant pollution
source for most biocides. Based on the correlation analysis,
triclosan was found to be a reliable surrogate to predict
householdbiocides both inwater and sediment.With theusage
data of triclosan and correlation formula with other biocides,
the developed level III fugacity model can be applied for pre-
dicting the fate and risks of household biocides in a catchment.
This could a promising chemicals management tool for local
regulatory agents when monitoring data are unavailable.
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